INTRODUCTION
Industrial alloys have specific composition as stated in standard specifications. It was recently pointed out by us that the compositions of the industrial alloys are actually the result of idealized short-range-order structural units as described by the cluster-plus-glue-atom model [1] . For instance, simple cluster formulas [Zn-Cu 12 ]Zn 1-6 explain most of Cu-Zn alloy specifications as listed in ASM (American Society for Metals) handbook, which exemplifies binary single-phase face-centered-cubic (FCC) solid solution alloys consisting of elements with a weakly negative enthalpy of mixing. In the present paper, industrial Cu-Ni alloys, composed of elements with a weakly positive enthalpy of mixing, ΔH Cu-Ni = +2 kJ mol −1 , are further analyzed in detail using the same approach. Such a weakly positive enthalpy of mixing means that Cu and Ni are generally miscible but tend to segregate into Cu-Cu or Ni-Ni nearest neighbors.
Cu and Ni are completely miscible at high temperatures, forming a continuous FCC solid solution. However, in industrial specifications such as those listed in ASTM (American Society for Testing and Materials) standard, common alloy compositions are only a few. In the Cu-rich side, there are for instance C70600 (10 wt.% Ni, corresponding to B10 in Chinese standard (GB)) and C71500 (~30 wt.% Ni, B30 in GB), both possessing superior comprehensive properties, such as corrosion resistance, thermal conductivity, and plasticity [2, 3] . They are often used in ships and power station condensers. For the Ni-based alloys, the only specified alloy is Monel alloy containing about 70 wt.% Ni, well known for its excellent corrosion resistance in both oxidation and reduction environments [4, 5] .
The properties of single-phase Cu-Ni solid solution alloys show obvious dependence on composition, and it has been known for a long time that such dependence arises from different short-range-order structures [6, 7] . Some property-composition relationships are summarized as follows ( Fig. 1): 1) Mass density ρ [8] increases with increasing Ni content, and the maximum value is reached at about 70 wt.% Ni, the composition of Monel alloy.
2) Thermal potential S [9] increases with increasing Ni content, rapidly at the low Ni end. The rising tendency slows down above 10 wt.% Ni. Beyond 30 wt.% Ni, thermal potential is nearly stabilized.
3) Impact toughness a K [9] behaves similarly as thermal potential, i.e., increasing rapidly till about 10 wt.% Ni and slowing down after 30 wt.% Ni. 4) Thermal conductivity coefficient λ [9] decreases rapidly with increasing Ni content at the low Ni end, and slows down at about 10 wt.% Ni, and it is stabilized after 30 wt.% Ni.
5) Cu is strongly passivated by Ni, and the corrosion rate increases with increasing Ni contents in HF+CuF 2 solutions [10] , with the minimum corrosion rate showing up at 70 wt.% Ni.
In the above property-composition dependence at 10, 30, and 70 wt.% Ni compositions, the alloys show special comprehensive properties, and these compositions correspond respectively to the commonly-used C70600 (B10), C71500 (B30), and Monel400 industrial specifications.
Obviously, the choice of industrial specifications deter-
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mines the properties, and the correlation between composition and short-range-order of the solid solutions is the key to understanding industrial alloy selection. However, the short-range-order description generally using Cowley short-range-order parameter α [11, 12] is problematic, because it only tells the composition deviations on each neighboring shells from the average ones, but provides no information on the possible local structural units that may guide the selection of alloy compositions. This problem has been addressed in the case of FCC solid solutions as exemplified by Cu-Zn alloys [1] 6 , indeed give satisfactory explanations of all known industrial alloy compositions of  brasses. The industrial Cu-Ni alloys were also dealt with very briefly to confirm that even in a binary system with a weakly positive enthalpy of mixing, the cluster based model applies equally well. In the following, this cluster-based short-range-order approach will first be summarized, and in connection with that the cluster-plus-glue-atom model for stable Cu-Ni solid solutions will be proposed in detail, considering the atomic interactions between Cu and Ni. Then the stability issue of the solid solutions in terms of the valence electron concentration will be discussed. Finally the industrial alloy compositions in ASTM standard will be explained using the cluster formulas.
CLUSTER-BASED SHORT-RANGE-ORDER STRUCTURAL MODEL OF FCC SOLID SOLUTION ALLOYS
At atomic level, the solute and solvent atoms in solid solutions tend to form short-range orders due to atomic interactions. The solute atoms tend to neighbor with solvent atoms when their mixing enthalpy is negative, such as the case of Cu-Zn; whereas, the solute atoms favor their own segregations separated from the solvent matrix when the mixing enthalpy is positive, which is the case for Cu and Ni. Short-range-order local structures should exhibit high stabilities, existing even in liquidus state, and their presence has been verified by many experiments, such as X ray and neutron diffuse scattering [13, 14] . The long-range interaction is generally weak, in comparison with the strong short-range interactions occurring among the nearest and the next nearest neighbors [15] .
However, the quantitative description of a short-rangeorder structure is always difficult, considering the involvement of disordering. The most common method used to deal with short-range-order structures was developed by Cowley [16] , who termed short-range-order parameter α as α i = 1−P A /X A , where P A is the probability of finding A atoms at the i th shell around a B atom in the real solid solution, and X A is the mole fraction of A atoms. At α = 0, A and B atoms are distributed in a completely disordered state; at [8] ; (2) thermal potential [9] ; (3) notch impact toughness [9] ; (4) thermal conductivity coefficient [9] ; (5) Cu and Ni are both FCC metals and they have a weakly positive enthalpy of mixing, ΔH Cu-Ni = +2 kJ mol −1 [17] . It is revealed by diffraction experiment that there are always clusters of thirteen atoms in Cu-Ni binary alloy melts, which do not vary with alloy compositions [18] . 10 , the first-neighbor short-range-order parameters α 110 are all positive [18] , meaning that Cu-Cu and Ni-Ni nearest neighbors are abundant and the interaction between Cu and Ni is weaker than those between Cu-Cu and Ni-Ni. For instance, as measured by diffuse neutron scattering [19] , the 1 st and 2 nd nearest-neighbor Cowley short-range-order parameters in the Cu 80 Ni 20 alloy are respectively α 110 = +0.058 and α 200 = -0.058. They are relatively weak as compared with those in Cu-Zn alloys, indicating that more disordering is present here.
In FCC lattice, the first nearest neighbors construct a coordination polyhedral cluster of the cuboctahedron type with coordination number of twelve, and the second nearest neighbors form an octahedron shell with coordination number of six (Fig. 2 ). In accordance with the above shortrange-order tendency, the idealized short-range-order structure in Cu-rich Cu-Ni alloys should be like this:
1) The cuboctahedron should be centered by Cu and formed with twelve Cu atoms, [Cu-Cu 12 ], for the positive enthalpy of mixing between Cu and Ni that favors the segregation of Cu atoms separated from Ni. These 1 st nearest neighbors are located at the {a/2, a/2, 0} positions with respect to the central atom Cu.
2) The second nearest neighbors at the six octahedral vertices at the {a/2, 0, 0} positions are mix-occupied by Cu and Ni for the weaker atomic interaction than that between the first nearest neighbors, thus favoring mixed-occupancy by both Cu and Ni.
This short-range-order picture shows that the structure unit formed by the first and second neighboring atoms is representative of the overall structure of the solid solution alloy, primarily in chemical composition but more importantly in terms of average chemical short-range-order. By building a model describing this short-range-order unit, the description of the whole alloy can be realized.
This short-range-order unit is then formulated as [CuCu 12 ](Cu,Ni) 6 , which means that the Cu-rich Cu-Ni stable solid solutions, ideally satisfying local atomic interactions, only adapt a few compositions formulated as The cluster-plus-glue-atom model is originally developed for interpreting composition rules of quasicrystals and amorphous alloys [20, 21] . In a general sense, any structure can be divided into two parts, the first-neighbor cluster and the outer glue atoms located outside of the clusters, and can be described with a cluster formula [cluster](glue atom) x . For ideal metallic glasses with large glass forming abilities, the cluster formulas obey a simple rule: [isolated clusters] (glue atom) 1 or 3 , with a constant total valence electron number per unit formula being close to 24, independent of the alloy compositions. The cluster formula can be regarded as the molecular formula of the amorphous alloys [20] .
In the present case, a short-range-order unit formulated as [isolated cubic octahedral clusters](glue atoms located at next nearest neighbors) 6 can also be regarded as the molecular formula for an idealized Cu-rich Cu-Ni solid solution. The clusters are not allowed to share between the first and the second nearest neighbors to avoid the generation of a longer-range-order that eventually breaks the disorder solid solution structure.
In a similar manner, in the Ni-rich side, there should exist a short-range-order local structure described as [NiNi 12 ](Ni,Cu) 6 .
For a real solid solution alloy, as the measured shortrange-order parameters indicated, disordering is present at any sites, including the 1 st and the 2 nd nearest neighbors which are always mix-occupied by both Cu and Ni. For instance, Warren-Cowley short-range-order parameters α 110 = +0.058 (for the first neighboring shell), and α 200 = −0.058 
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(for the second neighboring shell) were obtained using diffuse neutron scattering on single-phase FCC alloy Cu 80 Ni 20 [19] . The composition of the first and second shells with respect to the Cu center is calculated to be Cu 9 From the aforementioned composition analysis, it can be seen that a cluster formula describes an ideal atomic configuration covering only the center and its 1 st and 2 nd neighborhoods. For a real alloy, as the measured shortrange-order parameters indicated, these nearest neighboring sites are mix-occupied and the disordering extends outwards into outer shells as well. The formulated structural unit is just an idealization of the real disordered shortrange-order states, and can be obtained by exchanging the atoms between the first two neighboring shells. However, as far as the composition is concerned, the atoms enclosed within the first two neighboring shells well represent the overall composition as indicated by the analyzed example. Therefore the local unit gives a satisfactory composition explanation for the stable solid solutions, even quite disordered. Next, the stability issue of the local units will be dealt with. It will be seen that a stable solid solution adopts the formulated composition only when its electronic structure is also favorable, as evidenced by specific valence electron rules.
VALENCE ELECTRON RULES IN THE CLUSTER FORMULAS FOR STABLE Cu-Ni SOLID SOLUTIONS
It is generally believed that solid solutions are electron phases satisfying specific valence electron rules, which was first advocated by Hume-Rothery [22] . According to Xie et al. [23] , the valence electron contributions of Cu and Ni are respectively 1 and 0 in Cu-rich alloys containing less than 40 at.% Ni. This is because the s-d electron state in Ni and Cu atoms is completely merged into a uniform band structure. The Ni 3d electron state is filled and the electrons of unified 4s orbital only come from Cu 4s Although the meaning of these electron numbers is still not fully explored, they can be tentatively explained with reference to the spherical jellium model for clusters [24−26] , which states that the valence electrons of stable clusters such as icosahedra Al 12 X correspond to stable molecular orbital configurations of 1s1p1d2s1f2p, etc., with the stable clusters possessing special valence electron numbers, 40 for the icosahedra corresponding to fully filled electronic orbital structure 1s . The stability of a cluster is issued from the electron shell filled by the valence electrons of the cluster. In the same way, the electron number e/u of one cluster formula might also follow certain stable electron orbital structure, and the electron numbers of 13 up to 18 can well correspond to outer electron orbital configurations of 1s 2 1p 6 1d
5~10
. The most popular specification in the Cu-rich side is 70Cu-30Ni, which can be explained with cluster formula [Cu-Cu 12 ]Ni 6 with e/u = 13 and a relatively stable electron orbital configuration s In the alloys containing more than 40 at.% Ni, the valence electron contribution from Ni is composition dependent. The valence electron structure of pure Ni is supposed to be 3d 9.4 4s 0.6 [23] , where the 3d orbital is only partially occupied and the extra 0.6 electron goes to the 4s orbital. This makes the electron contribution from pure Ni to be 0.6. With Cu atom being added into the Ni base, the Cu 4s [27] confirmed that, though being lack of direct treatment of Cu-Ni alloys, the valence electron number of Ni was zero in Ni-lean systems, whereas in Ni-rich alloys it was close to 0.5. These conclusions are similar to those by Xie et al. [23] as used in our discussion. In fact, in Ni-rich alloys, the valence electron number of Ni is 0.6 as given by Xie et al. [23] , and with increasing Cu contents, the value decreases, such as (e/a) Ni = 0.5 in Cu 10 Ni 90 , and (e/a) Ni = 0.3 in Cu 30 Ni 70 .
The ideal short-range-order structural model for the Cu-Ni stable solid solution alloys, characteristic for a weakly positive enthalpy of mixing of Cu-Ni, is summarized as follows:
1 3) The cluster formulas, addressing the stable solid solution configurations, satisfy specific electron number rules per unit cluster formula.
The proposed cluster formulas indeed explain the compositions of all the Cu-Ni alloy specifications, as shown in Table 1 .
COMPOSITION INTERPRETATION OF INDUSTRIAL Cu-Ni ALLOY SPECIFICATIONS USING CLUSTER FORMULAS
In the following, all the alloy specifications were analyzed in terms of the cluster-plus-glue-atom model for stable solid solutions. For each composition, firstly its average composition formula within the first two shells was given, ignoring any short-range-order (i.e., the atomic distribution is treated as random). Then a local structural unit and its corresponding composition formula was obtained by exchanging the atoms between the 1 st and 2 nd neighboring shells to satisfy the ideal atomic interactions. Finally the composition of the closest integer cluster formula was obtained and was compared with that of the specification. The valence electron number e/u was also pointed out.
1) C70400 (95Cu-5Ni, wt.%) has an averaged composition formula within the first two shells, [ . 7) Monel400, being the only industrial specification in the Ni-rich side and known for its good corrosion resistance, has the following composition requirements: Ni(Co) ≥ 63.0, C ≤ 0.3, S ≤ 0.024, Cu28.0~34.0, Mn ≤ 2.0, Fe ≤ 2.50, Si ≤ 0.5, all in wt.%. Using the average composition 31.0 wt.% Cu, the alloy composition is adjusted back to a pseudo binary composition 69(Ni,Co,Fe,Mn)-31Cu (wt.%) = Ni 70.7 Cu 29.3 , the composition known for the best corrosion resistance as shown in Fig. 1 . This alloy also has the largest mass density [8] and the least valence electron concentration [23] .
The average composition of Monel400, Ni 70.7 Cu 29.3 , is formulated as [Ni-Ni 12 ](Ni 0.43 Cu 5.5 ) after constructing the local unit covering the first and second neighboring shells and then exchanging the atoms. Using the valence electron contribution of Ni of (e/a) Ni = β−0.4 = 0.307 [23] , the total valence number per unit formula e/u is equal to 9.7, which is quite close to the filled 3d 10 state. This is also the stable electron orbital structure with the least electron number for 3d transition metals. In this sense, the total number of atoms per unit cluster formula cannot be less than 19, as decreasing the formula size would further decrease e/u below 10. Since the maximum number of atoms of cluster formulas for FCC lattice is 19 (twelve first neighbors, six second neighbors, plus one central atom), the cluster formula of Monel alloy can only take 19 atoms.
Supposing the least valence number of e/u = 10 for Monel alloy, the electron contribution of Ni needs to be modified accordingly. The integer cluster formulas, which are the nearest to the composition of .78 for N = 0 to 6. As already discussed, the first two e/u values, being close to 10, correspond to the Monel compositions; however, there are no other integer e/u values, which possibly explains why there is no more industrial specifications apart from Monel alloy in the Ni-rich side. From the above analysis, it can be seen that for a binary alloy system characterized by a weakly positive enthalpy of mixing and hence by a weak short-range-order, such as Cu-Ni, their alloy specification selection always falls on the integer forms of the cluster formulas containing 19 atoms. In the Cu-rich side, the general formula is [Cu-Cu 12 ](Cu,Ni) 6 . With the Ni number varying from 1 to 6, the corresponding atomic percentages of Ni are respectively 5.26, 10.53, 15.79, 21.05, 26.31 and 31.58, and the corresponding weight percentages are respectively 4.88, 9.80, 14.76, 19.76, 24.80, and 29.89 wt.% Ni, which explains perfectly the industrial alloy specifications C70400 (B5, 95Cu-5Ni), C70600(B10, 90Cu-10Ni), C70900(B15, 85Cu-15Ni), C71000 (B20, 80Cu-20Ni), C71300 (B25, 75Cu-25Ni), and C71500 (B30, 70Cu-30Ni). Their valence electron numbers per unit cluster formula e/u are all integers, ranging from 18 to 13. In the Ni-rich side, there is only one industrial specification, so-called Monel alloy (for instance, Monel 400), whose composition range is confined by two cluster formulas [Ni-Ni 12 ]Cu 6 and [Ni-Ni 12 ]Cu 5 Ni with their e/u being close to 10. The corresponding com-
